A novel three-line-microstrip compact impedance tuner is presented. It is based on a multimodal structure wherein six variable capacitances, implemented with two parallel-connected varactors each, create multiple interactions among the three-line-microstrip modes in a reduced circuit area. Experimental results show better-than-70% coverage of the Smith chart in an 85% frequency bandwidth from 1.4 to 3.2 GHz.
Introduction: Impedance tuners are extensively used to implement tunable matching networks in power amplifiers [1] or antennas [2] , and for load-pull or noise-parameter characterisation [3] . To provide flexibility in reconfigurable systems, the tuner should be compact in size, with a wide Smith-chart coverage and large fractional frequency bandwidth (FBW). Recent MOS and BiCMOS mm-wave tuners [2, 3] exhibit a very small area, but limited (an estimated 35%) Smith-chart coverage. In [4] a small-size, low-power-consumption tuner for RFID applications using varactors is proposed featuring a 50% FBW (1.8-3 GHz), moderate (an estimated 64.3%) Smith-chart coverage, with complete coverage of all reflection coefficients with voltage standing-wave ratio (VSWR) lower than VSWR CC = 4.6 (and any phase) at 2.2 GHz. The integrated-passive device tuner using ferroelectric varactors in [5] features small size, and a 40% FBW (2-3 GHz) for an estimated 40% Smith-chart coverage and VSWR CC = 1.8. In [1] a substrate-integrated-cavity technology with piezoelectric actuated dishes is used to achieve a 37% FBW (2.5-3.9 GHz) with a 50% Smith-chart coverage, and VSWR CC = 2 in the 2.53.7 GHz frequency range.
Multimodal circuits use multimodal waveguides to allow the propagation of more than one fundamental mode in the same circuit area. The additional modes increase the equivalent electrical length of the circuit, allowing for designs that are more compact. Multimodal circuits have demonstrated compact size and reconfiguration capabilities in structures such as filters [6] .
In this Letter, a novel varactor-loaded multimodal threeline-microstrip (TLM) structure is used to implement a wideband impedance tuner with a wide, uniform Smith-chart coverage in the whole operation band.
Tuner structure and implementation: The tuner structure is shown in Fig. 1 . It consists of a TLM section connected to microstrip lines (to provide an easy access using microstrip-to-coaxial transitions), with two series gaps in its outer strips, and six variable capacitances. The TLM propagates three fundamental modes, the ee, oo, and oe modes [7] (roughly equivalent to the microstrip, coplanar-waveguide, and slotline modes). The microstrip modes basically generate ee modes at the microstrip-to-TLM transitions, which then excite (and afterwards interact with) the oo and oe modes at the gaps and capacitors, which in turn resonate in the TLM section. Thus, a rich resonant oo-oe structure coexists with the exciting ee structure in the same physical circuit area, resulting in an increase of the equivalent electrical size of the circuit.
Fig. 1 TLM impedance tuner structure
To analyse the circuit mode interaction, the modal equivalent circuits proposed in [8] , which transform the actual voltages and currents on generic n-conductor lines into their modal counterparts, can be used. This way the tuner states (reflection coefficients as a function of the variable capacitances) can easily be simulated at any given frequency. To
Under this restriction, the relative positions of the two parallel inter-strip varactors (ℓ 1 , ℓ 2 ) were then optimised by a parametric study to achieve a maximal Smith-chart coverage, resulting in ℓ 1 = 1.48·ℓ 2 . Fig. 2 compares the ideal (with lossless lines and a 0-3.9 pF capacitance range) simulated results (S 11 ) of the proposed tuner with those of a conventional tuner composed of a microstrip line of the same electrical length and the same number of shunt-connected variable capacitances uniformly distributed along the line. As can be seen, whereas the Smith-chart coverage achieved with the conventional tuner is moderate (54%), the proposed tuner features a complete (100%) coverage, which could only be achieved by a much larger (1.5λ) conventional structure. Experimental results: A total number of 1500 states were measured at 2 GHz, for a full capacitance-range variation of the varactors. Fig. 4 compares the simulated and measured results of the tuner input reflection coefficient S 11 . The measured Smith-chart coverage is 73.2%, and its VSWR CC is 6.2. These results agree well with simulations (76.3% Smith-chart coverage and VSWR ≤ 8. and its VSWR CC is 3.4 in the whole 1.4-3.2 GHz frequency band (85% FBW), and VSWR CC > 6.2 for the 2-3.2 GHz frequency band. The Smith-chart coverage, VSWR CC , and FBW of the proposed TLM tuner exceed those reported in [1] [2] [3] [4] [5] . It features a size of 0.13λ × 0.039λ, which is similar to that of the lumped-element tuner in [5] (0.08λ × 0.044λ), but smaller than that of the distributed-element tuners [1] (0.56λ × 0.307λ) and [4] (0.25λ × 0.25λ).
a b VSWR cc = 6.14 VSWR cc = 8.1 Conclusion: A new kind of compact, wideband impedance tuner has been presented, simulated, fabricated, and measured. It is based on a multimodal TLM structure with six parallel-connected variable capacitances. It features a compact size of 0.13λ × 0.039λ, 70% coverage of the Smith chart in an 85% FBW from 1.4 to 3.2 GHz, and a complete coverage of all reflection coefficients with VSWR ≤ 6.2 and any phase in a 47% FBW from 2 to 3.2 GHz.
